TiB2-based cermets with various Co contents were fabricated from elemental powders "in situ" by means of the Self-propagating High-temperature Synthesis, SHS, and Pseudo-Hot Isostatic Pressing, P-HIP method. The sample pressed into a cylindrical compact was ignited in a steel can by an external heating element coiling the can. After SHS initiation, which was detected by rapid temperature increase, the samples were quickly pressed pseudo-isostatically under a pressure of 192 MPa and held for 5 min. Samples with predominant concentration of TiB2, which varied from 70 to 85 vol.% with the addition of 5 vol% of Ti, were investigated in this study. Appreciable differences in terms of microstructure, density and hardness were observed depending on the composition. The average TiB2 grain size increased while porosity decreased with rising concentration of TiB2. The material synthesized with increased to 85% concentration of superhard TiB2 grains and minimized concentration of Co exhibited greatest densification, highest hardness of about 2 400 HV, and the most homogenous microstructure. The reaction mechanism was reportedly proposed, based on temperature monitoring during combustion and previously reported references.
Introduction
TiB2-based composites have undergone extensive development over the past few decades stimulated by their unique properties, such as high strength-to-density ratio, 1) good fracture toughness, inertness during machining and excellent corrosion resistance maintained at elevated temperatures. 2) TiB2-based materials have received wide attention not only because of their extremely high hardness in comparison to other representatives of superhard materials, 3) but also due to their superior thermal and electrical conductivities. 4) Therefore, the potential applications include cutting tools, space craft, 5) and high temperature structural materials.
Apparently, WC-based Co-bonded hard cermets are most widely used for similar applications. 6) However, shortage of tungsten and relatively low corrosion resistance of WCbased cermets restrict application of those hard composites. 7, 8) For this reason, so-called tungsten free hard metals, such as TiB2, have been developed and introduced in industry. 9, 10) Despite those useful properties of TiB2, the application of monolithic TiB2 is limited due to its poor sinterability, caused by the strong covalent bonding. 4) Special sintering techniques such as Hot Isostatic Pressing, HIP, can achieve relatively high densification of TiB2. 1, 11) However, HIP requires large energy consumption from external heating element. In order to simplify consolidation, sintering process can be simplified by introduction of some additives, for example binder phase in cermets. It was reported that spark plasma sintering, SPS, is a convenient and rapid method for fabrication of TiB2-Ni, 12) however it is also an energy consuming technique. Contrary to that, Self-propagating High-Temperature Synthesis, SHS can reduce external heat needed for sintering by utilizing heat released during highly exothermic synthesis reactions. The reaction of Ti and B is characterized by a high exothermicity because the formation enthalpy of TiB2 from elements is as large as 76 kcal/mol so that the adiabatic temperature T ad may attain a value of 3 200 K. Economically justified method may be SHS combined with HIP. 1, 13) This rapid reaction taking place "in situ" simplifies the process by directly connecting synthesis and sintering without milling of the synthesis product to obtain sinterable powders. These two processes in one device were reported to be successfully used for TiC-based composites 10, 14) and TiB2-based composites with low melting point binders such as Al, FeAl, Cu. 6, [14] [15] [16] [17] [18] However, despite many advantages of the SHS such as applicability to synthesis of unique compounds or composites, it is difficult to control this process and to study the mechanism of reaction. 19, 20) Such process is characterized by extremely high heating rates (up to 10 6 K/s), high temperature (up to 3 200 K for TiB2) and short time of reaction completion (usually less than 1 s, sometimes even 10 -3 -10 -2 s). The mechanism and kinetics of SHS as well as the combus-© 2012 ISIJ tion wave propagation rate depend on many physicochemical features of a reacting mixture in any particular case. Of great significance here are the dispersion and morphology of initial powders, the homogeneity and porosity of their mixture, the presence of chemical admixtures and gases adsorbed in reactants. 21, 22) Under typical conditions, for Ti powder dimensions of about 10 μm reaction front velocity is Uc ~1 cm/s, the reaction front travels the distance of one grain in ~10 -3 s. 23) Moreover, the SHS theory predicts loss of stability when the specific heat of reaction decreases or heat loss increases causing stable SHS impossible, and then the reaction front cannot propagate with constant velocity. 20) Indeed, the explanation of reactions mechanism for Ti-B-Co system is difficult and challenging, and it has not been determined or not reported yet.
The most widely studied SHS has been reported for TiC as a refractory and abrasive material (Prokudina et al., Shkiro and Borovinskaya, Merzhanov et al.) as well as more currently Holt and Dunmead. 24) The reaction mechanism was also reported by Munir and Tamburini. 21) However, only several papers describe the reaction of Ti and B which is also highly exothermic. 2) Theoretically, the adiabatic combustion temperature Tad of 3 190 K 25) is slightly lower than the melting point for TiB2. A. S. Shteinberg and V. A. Knyazik reported that reaction of B and Ti proceeds at a noticeable rate long before the titanium melting. 22) According to B. B. Khina, 25) such diffusion controlled reaction mechanism is of great significance especially for thermal explosion mode, because of relatively low heating rate before ignition.
It is expected that boron reacts with titanium and TiB nearby TiB2 are produced releasing heat of strongly exothermic reaction at the same time.
In assessing the comprehensiveness of a detailed reaction mechanism, the relevant question to ask is whether the mechanism can describe all classes of combustion phenomena over all possible ranges of thermodynamic and system parametric variations. Since the product of an elementary reaction depends on the energetics, its effect at the macroscopic level is mainly manifested through the temperature but also the concentration of components. 26) Indeed, for characterization of the processes sequence, a comprehensive study must include extensive and possibly independent variation of ignition and flame temperature, system pressure and reactants concentration. 26) In this study, the capabilities of detections are significantly limited because of pressure conditions in P-HIP device, also the thermal conditions significantly deviate from adiabatic. The reaction mechanism during SHS for ternary Ti-B-Co system was not reported, indeed the most probable mechanism was proposed reportedly, based on temperature monitoring during combustion, phase composition, thermodynamic data, phase equilibrium diagrams and previously published proposed SHS mechanisms.
The present paper describes attempts to obtain bulk TiB2based materials, using SHS combined with Pseudo-Hot Isostatic Pressing, P-HIP. This paper is focused on the consolidation, TiB2 grains size and their distribution for TiB2based composites for Ti-B-Co system. 27) It can be expected that the hardness of TiB2-based composites would be reduced by additives such as Co. In order to ensure high hardness of investigated composites, which is required for cutting tools, the concentration of Co was essentially reduced only to improve the consolidation process.
Experimental

"Green" Samples
The experiments described in this paper were carried out with four TiB2-based composites, prepared from commercial elemental powders, such as titanium (45 μm, 95%), amorphous boron (0.8 μm, 95-97%), and cobalt (1.3 μm, 98%). In order to complete the boron conversion during such rapid SHS reaction, titanium and boron were set in nonstoichiometric ratio, the concentration of titanium exceeded the amount corresponding to TiB2 formation. Each time the excess Ti-addition corresponded to 5 vol.% the "green compacts", while the Ti:B weight ratio equaled 2.402; 2.414; 2.428; 2.443 respectively. The intended concentration of TiB2 after SHS varied from 70 to 85 vol.%. Those "green samples" contained respectively 17.95; 25.79; 32.99; 39.63 mass% of Co which correspond to 10, 15, 20 or 25 vol% of Co in "green compact". The powders were mixed for 5 h in 30 minutes cycles in laboratory rotary mill with the addition of acetone in small plastic containers, using a combination of small (5 mm in diameter) and big (10 mm) ZrO2-milling balls. Afterward, acetone was partially evaporated on a heating plate at 343 K and then the powders were dried for 2 h in a vacuum furnace at 673 K. The powders were pressed in a steel die into a compact of 30 mm in diameter and 30 mm in thickness under a pressure of 566 MPa and then were dried again at the same conditions as those described above. The compacts were covered with a protective graphite sheet, then inserted into a vacuum chamber and closed in a steel can. In order to ensure high vacuum atmosphere inside the can, the air was pumped out from the vacuum chamber for 40 min and then can was closed under a pressure of 176 MPa in the vacuum chamber.
The SHS-P-HIP Device and Process Parameters
Samples were simultaneously synthesized and sintered using the P-HIP method in a vacuum furnace; SHS was applied for chemical reaction and to supply additional heat for sintering. The main part of the experimental device, which is situated in a vacuum chamber and put on a pressing machine, is schematically illustrated in Fig. 1 . A press mould made of steel S45C was covered with a heat-insulating glass wool, while the bottom and top of mould rammers were separated with paperboards. Dried sand was used as both a pressing medium and electrical insulator. In order to ensure a high vacuum level of 10 Pa, the air was pumped out for 1 hour before experiment. Then steel can with sample was heated with a rate of 20 K/min, using alternating voltage, to the ignition temperature of the SHS reaction. The onset of the SHS reaction was recognizable by sudden and rapid temperature rise. The temperature of the bottom of the steel can covering the "green sample" was measured using a type-K thermocouple.
When the onset of the SHS reaction was detected, pressure was increased from an initial value of 30-35 MPa to 192 MPa and held for 5 min. Samples were taken out after cooling below 373 K.
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Materials Characterization
The SHS products were cross-sectioned with diamond wheels and polished with diamond dispersive finishing with 1 μm. The phase compositions of products were determined using an X-ray Diffractometer, XRD, combined with Rietveld methods. 28, 29) A Field Emission Scanning Electron Microscope, FE-SEM, and an Electron Probe Micro-Analyzer, EPMA, were applied to characterize the microstructure of the synthesized composites. A Wavelength Dispersive Xray, WDS, analyzer was used for phase indentation. The approximate relative density was measured using volume fraction of porosity determined with a planimetric method while working on a High Resolution Optical Microscopy, HR-OM image. In order to measure apparent density Archimedes method was applied using ethanol as a liquid medium. The Vickers hardness HV1.0 and Vickers microhardness μHV100, were measured. 30, 31) 
Results and Discussion
Temperature-time Profile of SHS-PHIP Process
The temperature-time profiles for samples with various concentrations of TiB2, measured in the bottom of the steel can covering the sample, are shown in Fig. 2 .
That heating rate was approximately 20 K/min during the initial stage. When the temperature reached about 1 000 K, the rapid temperature increase, indicating the ignition of SHS, was observed. The ignition temperature and expected maximum temperature caused by SHS should be much higher, according to the adiabatic temperature; however that process was not carried out in adiabatic conditions. Also, the temperature profile was monitored in the steel can, outside the sample. The heating rate was slightly changed before that sudden increase, which means that some exothermic reactions took place at lower temperatures. According to an equilibrium phase diagram for Ti-Co system and references the reaction between these elements perhaps started with intermetallics formation, and then TiCo was formed. 32, 33) Such weakly exothermic synthesis, much less exothermic than for boride, 32) may have released some heat initiating the SHS reaction for TiB2 formation.
The intrinsically fast reaction velocity and elevated temperature of the SHS reaction limited the investigation on the reaction mechanism. Moreover, the SHS reaction conditions (raw powders consolidated as a compact and closed in a steel can) and high pressure in P-HIP process were not convenient to interrupt the reaction propagation. Indeed, the predicted mechanism of conversion from the elemental starting powders (Ti, B, and Co) to the final materials is described reportedly based on XRD pattern, microstructure, equilibrium phase diagrams, thermodynamic data and references. Apparently, the reaction mechanism for Ti-B-Co system in SHS process has been not reported yet.
The mechanism of phase evolution from elemental powders to SHS products should be strongly affected by average grain size of starting powders, especially Ti, and heating rate before ignition. 21, 25) The TiB 2 formation mechanism is expected to be variable; starting with primary TiB 2 formation by means of solid-state diffusion-controlled phase formation kinetics and finished with dissolution-precipitation rote process. According to B. B. Khina, 25) in compounds constituted by smaller atoms such as nitrides, carbides and many borides, the partial diffusion coefficient of the small nonmetal elements exceeds that of metal atoms by several orders of magnitude, which is due to the interstitial diffusion mechanism. Hence, the growth of titanium diboride occurs at the Ti/TiB 2 or Ti/TiB interface and it is controlled by the diffusion of boron atoms across the TiB 2 layer. Such highly exothermic reaction of TiB or TiB 2 formation causes melting of Co, unreacted Ti and solid solutions which were formed during heating of compact before SHS reaction. The Co-B system consists of three binary compounds -Co 3 B, Co 2 B and CoB and the terminal solid solutions. The incongruently melting phase Co 3 B with peritectic temperature of 1 125°C and eutectic temperature of 1 110°C is lower than maximal temperature recorded for steel can covering the sample. Also the Co-Ti phase equilibrium diagram indicates that liquid phase should be expected because of Ti2Co formation by means peritectic reaction at 1 058°C and then eutectic point at 1 020°C. 33) Considering some temperature gradient between reacting compact and tip of thermocouple surrounded by alumina bar and being in tough with steel can covering the compact, the maximum temperature of reacting material should attain the melting point of Co. The amount of liquid Ti is strongly affected by initial size of Ti grains in the "green compact", and heating rate to the melting temperature of the lowest melting point reactant in thermal explosion mode. The solid-state diffusion-controlled TiB2 growth should be expected as a predominant mechanism for heating rate 20 K/min (0.33 K/s) and Ti grain size 45 μm, considering the phase formation mechanism explained by B. B. Khina. 25) Hence, sufficiently thick "shell" of the primary product can be formed on a metal-grain surface to prevent the liquid core from spreading. As a result, secondary TiB2 formation from liquid phase occurred. It should be expected that the concentrations of liquid Co and unreacted Ti determine quantitatively the existence of secondary TiB2 crystalized from liquid phase. Finally, the solidification of Ti3Co5B2, as the lowest melting point compound in Ti-B-Co system can be expected. 27) To summarize, the proposed mechanism for Ti-B-Co system is based first of all on TiCo, TiB formation, followed by TiB2 formation and accompanying strong heat effect. The elevated temperature caused melting of Co, unreacted Ti or intermetallic compound. Then, some primarily formed TiB2 and unreacted graphite were partially dissolved in Co-rich liquid phase. Some secondary TiB2 could be crystallized from liquid phase as fine grains. Afterward, the ternary compounds Ti3Co5B2 and Ti2Co21B6 can be formed at lower temperature. The combustion mechanism for experiments carried out in this study is not parallel to cermets sintered with Al 34, 35) because for systems with Al the liquid phase occurs at much lower temperature at about 873 K. 36, 37) Also in the TiC system a transition from solid-diffusion to solution-precipitation controlled process detected by a change in the activation energy of SHS synthesis has been found. 38) Moreover, Munir and Anselmi-Tamburini reported 21) more quantitatively that the significance of the role played by each of these two modes is dependent on the grain size of the metal. According to theoretical calculations, the diffusion-controlled mode is dominant for Ti-C system with small metallic grains. The dominance of capillary spreading in the mechanism of SHS requires fairly large metallic grains. The capillary spreading should dominate only if the Ti powder grains exceeded 3×10 4 μm (3 cm), even if the carbon grain size is as small as 1 μm. 21) This suggests the diffusion-controlled mechanism in typical conditions, which should be expected also for Ti-B system.
The ignition temperature and maximum recorded temperature reached after the ignition observed for TiB2-10Co-5Ti and TiB2-20Co-5Ti samples were similar, while both ignition temperature and maximal temperature recorded for TiB2-25Co-5Ti were about 100 K lower than those for other samples. This is not at all surprising since the adiabatic temperature for TiB2 formation is over 3 200 K. That is why maximum temperature obtained for that reaction depends on the TiB2 volume fraction. Therefore, increase in Co concentration reduced the maximum temperature of that process.
Phase Constituents and Microstructure of SHS-P-HIP Products
According to the XRD pattern, TiB 2 was a predominant phase in all samples, with a certain amount of Ti 3 Co 5 B 2 ternary compound (Fig. 3) . In some cases, such as Co-rich clusters, the Ti3Co5B2 phase was in equilibrium with negligible amount of other phase, however the amount of that phase was too small for identification using XRD. According to EDS analysis and Co-Ti-B ternary phase equilibrium diagram, such Co-rich phase correspond to Ti2Co21B6. Smaller bending strength and fracture toughness should be expected for composites with intermetallic comparing to cermets such as TiB2 with ductile, metallic Co-matrix. However, intermetallic NiAl binder seemed to be advantageous phase for TiC-based composites, and as high bending strength as 670 MPa were reported by Gao et al. 28, 35) Phase compositions for as-reacted materials approximately evaluated using X-ray diffraction and Rietveld method 28, 29) are shown in Table 1 . The apparent and relative densities for the samples as well as hardness are also shown in Table 1 .
High values of relative density of approximately 93-98% in Table 1 were confirmed by using both Archimedes and the planimetric method. The materials with the best consolidation (relative density exceeding 97%) could be under consideration for cutting tools. Figure 4 shows the scanning electron micrographs (SEI Fig. 3 . The XRD pattern for TiB2-xCo-5Ti with changeable concentration of Co. with high magnifications) of cross-sectioned samples after SHS-P-HIP process. According to the WDS analysis the dark grey grains correspond to TiB2 and grey phase surrounding these grains practically consists of Co-based Ti3Co5B2 ternary compound in all the cases. The TiB2 grains do not form agglomerates and are embedded in nearly continuous matrix. Relatively small pores are observed mostly on the interface between the grain and binder phase. The most homogenous and uniform microstructure indicating the best consolidation among those samples was observed for sample TiB2-10Co-5Ti, which also exhibits the highest amount of TiB2 content. The existence of Co is responsible for second-stage reaction mechanism in liquid phase, which is dissolution-precipitation. The reaction rate and heat effect is reduced comparing to solid-diffusion reaction. Such liquid phase is disadvantageous for consolidation process because the precipitation during solidification depends on the cooling rate. This effect caused that sample with reduced Co content revealed the best densification and the smoothest microstructure. Figure 5 shows the histograms for TiB2 grain size distribution. The increase in TiB2 content, from 70 to 85% causes that most frequently observed grain size shifts monotonically to higher values. The monomodal distribution of grain size was observed for each sample. The histograms are lognormal similar to Gaussian distribution, with exception of small grains which are ordinarily difficult to be counted. However, the largest spread for grain size distribution was recorded for sample with the highest TiB2 concentration. Apparently, the spread also increases monotonically with increasing TiB2 content. This effect was caused by highest heat effect and perhaps the largest maximum temperature after highly exothermic TiB2 formation. As a result, in sample with maximum concentration of (85%) TiB2 the biggest grain growth occurred. The crystallization of secondary TiB2 formed from Co-rich liquid during cooling caused more fine grains, so finally the grain size distribution was more spread out. Since the melting point of Co is 1 768 K, and the lowest melting point for Ti-Co system (1 293 K) 33, 39) is relatively high comparing to recorded combustion temperature, the time of crystallization from liquid phase should be relatively short.
The average TiB2 grains size and the median (intermediate value) also increased with the increase in the volume fraction of TiB2, as shown in Fig. 6 . The approximated average diameter increased from 1.3 to over 4.7 μm as the TiB2 volume fraction increased from 70 to 85%. The most significant rise in average grain size was recorded after increase in boride content from 80 to 85%. During cooling after SHS reaction the process brings about the formation of final microstructure of the product, such as Ostwald ripening and recrystallization. Since the amount of Co-based liquid was reduced the concentration of unreacted Ti and B in the liquid phase increased so the liquid solution was more saturated for recrystallization and grain growth. Also higher combustion temperature could affect the growth of the TiB2 grains. The SHS reaction for samples with reduced Co concentra- tion caused more elevated maximum temperature. It can be explained by adiabatic temperature, which is much higher for TiB 2 than for TiCo or other intermetallic formation. Such higher temperature caused more significant grain growth, observed in the microstructure. Even if the SHS is characterized by non-equilibrium conditions, the effects of formation of intermetallic instead of metal binder can be explained by phase equilibrium in Ti-Co-B system. 27) Since the ternary compound Ti 3 Co 5 B 2 appears in the system, the existence of Co phase as a binder is impossible for equilibrium conditions. Similar processes were reported previously for Ti-Ni-C system. 10, 40) According to XRD patterns (Table 1) , graphite inclusions were also distinguished in samples with the lowest and the highest Co content. That carbon contamination perhaps originated from the graphite sheet covering "green compact", which was partially dissolved in Co-based liquid phase after SHS reactions. Such grains are visible in the microstructure as the small black inclusions in the binder phases (Figs. 4(a), 4(d)). Sample TiB 2 -10Co-5Ti exhibited the highest temperature after SHS caused by the highest concentration of TiB 2 . This high temperature implicated solubility and diffusion of carbon from graphite sheet covering sample. Sample with the lowest TiB 2 content perhaps contained the highest volume fraction of Co-rich liquid phase after SHS for TiB 2 formation, so graphite could be soluble.
The maximum temperature measured for steel can covering the green sample was above 1 423 K. It is expected that local temperature within the compact was higher after the SHS reaction. The lowest melting point of 1 293 K for some intermetallic compounds in Ti-Co system 39, 33) or less than 1 073 K for ternary compounds 27, 41) indicates that liquid phase must have occurred after the SHS reaction causing highly exothermic effect. Such existence of carbon in a binder phase could be explained by partial solubility of graphite sheet in a cobalt-based liquid phase, originated from melting of cobalt after exothermic TiB 2 formation.
Homogeneity
In order to investigate the homogeneity of samples, SEI micrographs with a lower magnification were analyzed (Fig.  7.) . Each above microstructure image with the low magnification indicates that homogeneity of samples depended on the concentration of Co. Some Co-rich clusters consisting of Ti 3 Co 5 B 2 and negligible amount of Ti 2 Co 21 B 6 could be observed in the microstructure, however after reduction of Co content to 10% ( Fig. 7(d) ), that Co-rich clusters disappeared and sample exhibited more homogenous microstructure.
Porosity is also less visible in the sample with the lowest Co content which confirmed the highest relative density determined with the OM image. The homogeneity and porosity depend on Co concentration since cobalt addition is of great importance as a soluble additive. As a result, Co reduces the exothermic effect caused by TiB2 formation. Moreover, during heating some other reaction (Ti + Co, or B + Co) may occur instead of TiB2 formation.
Hardness
In order to evaluate mechanical properties of investigated samples Vickers hardness and microhardness were determined. Moreover, the comparisons of hardness and microhardness values as well as spread of results were important factors for homogeneity consideration. That is why the hardness and microhardness were investigated for both TiB2 grains and matrix phase and probes were repeated 42 times for each sample. Average values and uncertainty expressed as a standard deviation are shown on ( Fig. 8) as an error bars.
Both hardness and microhardness of investigated samples monotonically increase with increasing TiB2 grain volume fraction. That tendency was expected since TiB2 is one of the hardest compounds and theoretically may attain microhardness of 34 GPa. 42 Hardness should be affected not only by the existence of superhard TiB2 grains but also by porosity. According to that homogenous tendency, chemical composition, more than porosity, determines the hardness of investigated composites. Such tendency confirmed good densification and low porosity of investigated materials. The microhardness slightly exceeded hardness for each sample, which should be expected since hardness depends on the measurement conditions, especially loading of Vickers pyramid. However, such small reduction of hardness in terms of increased loading indicates good homogeneity and low porosity of the samples. The uncertainty for hardness distribution is smaller for sample containing the lowest Co content, which indicates the most homogenous microstructure. It indicates that reduced volume fraction of Co-rich binder improved the uniformity of the properties.
Conclusions
The TiB 2 -based super hard composites with Co-based binder were successfully fabricated from elemental powders, using the Self-propagating High-temperature Synthesis and simultaneously sintered in a pseudo-hot isostatic pressing device. The XRD results confirmed by WDS analysis indicated that intermetallic compounds Ti 3 Co 5 B 2 was formed as a binder. The experiments carried out with a series of samples containing various Co contents indicated that increased TiB 2 volume fraction caused better densification, more homogenous microstructure and higher hardness. Each sample exhibited high hardness, which increased monotonically from 1 300 to 2 400 HV when TiB 2 increased from 75 to 85 vol.%. Moreover, relatively good consolidation with relative density of 93% to 97% was determined. The reaction mechanism of TiB 2 synthesis is suggested to be at least two-stage; starting with primary TiB 2 formation by means of solid-state diffusion-controlled process which is dominant and in a second stage, dissolution-precipitation process. Finally, the solidification of Ti 3 Co 5 B 2 was confirmed experimentally. The combustion reaction of Ti with B has completeness since the 5% of saturating Ti was applied. The most homogenous microstructure and the highest hardness, exceeding 2 380 HV, were determined for sample TiB 2 -10Co-5Ti. 
